This paper proposes a method for detecting irreversible demagnetization using the harmonic analysis of back electromotive force (BEMF) in interior permanent magnet-type brushless DC motors. First, demagnetization patterns, such as equality, inequality, and weighted demagnetizations, are defined and classified by considering the possibility of demagnetization resulting from motor operating characteristics. Second, an available diagnostic model for the harmonic analysis of BEMFs is defined according to pole-slot coefficients because the characteristics of BEMFs under demagnetization conditions are affected by the combination of poles and slots. Third, BEMFs and their harmonic components under normal and demagnetization conditions are analyzed through simulation and experiment to verify the proposed demagnetization detection technique.
I. INTRODUCTION
The stability and reliability of interior permanent magnet (IPM)-type brushless DC motors (BLDCMs) are verified in many studies and experiments. IPM-type BLDCMs are widely used in many applications because of their high performance per unit volume and excellent control. In particular, IPM-type BLDCMs are utilized as a core driving source in industries and electric vehicles because of their wide control range and high robustness. However, IPM-type BLDCMs also have potential risks, such as irreversible demagnetization, turn faults, and eccentricity faults [1] - [3] . Above all, irreversible demagnetization must be considered in BLDCMs. If these motors are continuously driven under irreversible demagnetization conditions, the residual flux densities of permanent magnets (PMs) decrease as demagnetizing regions increase owing to the overlap of inverse fluxes. Therefore, irreversible demagnetization faults must be detected.
A precise analysis of demagnetization is required for accuracy prediction and fault detection. Many studies have detected the demagnetization of PMs in various ways, such as by monitoring the zero-sequence voltage [4] , using the harmonic components of linkage flux [5] , and using the changes in i d value [6] .
The present study defines three types of demagnetization patterns for two types of BLDCM with different combinations of slots and poles. Flux linkage and back electromotive force (BEMF) waveforms are also analyzed with the finite element method (FEM) to confirm the changes in demagnetization characteristics according to newly defined demagnetization patterns. We then propose a novel technique for detecting irreversible demagnetization using the harmonic characteristics of BEMFs.
II. THREE TYPES OF DEMAGNETIZATION PATTERNS AND POLE-SLOT COEFFICIENTS
Irreversible demagnetization is generally induced by the increasing temperature of motors [7] and the sudden three-phase short circuit and overcurrent that are generated by inter-turn faults [8] , [9] . The irreversible demagnetization of PMs is mainly caused by the armature reaction that occurs when the demand for starting torque is high [10] .
Irreversible demagnetization can be classified into partial, symmetrical, and asymmetrical demagnetizations [11] - [13] . Previous studies have focused on the possibility of demagnetization in one magnet.
By contrast, the present study examines the possibility of irreversible demagnetization, which is characterized by different demagnetization ratios between N-and S-poles. All PMs tend to be demagnetized in the same degree, yet they are practically demagnetized in different degrees. For instance, all PMs are demagnetized in the same degree if the demagnetization is occurred by overcurrent resulting from overload.
An unbalanced magnetic field, which is caused by inter-turn faults or cracks from manufacturing defects, can lead to the unbalanced distribution of demagnetization for each pole [9] . Therefore, we classify irreversible demagnetization patterns into equality, inequality, and weighted demagnetization patterns [14] .
We also determine the possibility of demagnetization according to the pole-slot coefficient (PSC). The demagnetization patterns are confirmed by the harmonic characteristics of BEMFs for two types of pole-slot combinations such as 6-pole 9-slot and 10-pole 12-slot models. Fig. 1 shows the pole configuration of 6-and 10-pole rotors.
A. Equality Demagnetization Pattern of PMs
The continuous overcurrent under overload conditions can lead to demagnetization. In this case, N-and S-poles have similar demagnetization ratios because of the balanced distribution of the air-gap magnetic field. Therefore, we consider this case as an equality demagnetization pattern. Fig.  2 shows a magnetization shape diagram that is constructed according to a demagnetization ratio of 50% and 70%. The magnetization shape resembles a lopsided step. In general, demagnetization does not occur evenly at the whole face of a PM because the magneto-motive force from the supplied power affects the nearby q-axis instead of the d-axis when the motor is in operation [9] .
B. Inequality Demagnetization Pattern of PMs
Inter-turn fault causes an inverse air-gap magnetic field and lead to demagnetization [9] . In this case, N-and S-poles can be demagnetized in different ratios. Therefore, we consider this case as an inequality demagnetization pattern. Fig. 3 shows a magnetization shape diagram that is constructed according to different demagnetization ratios. The ratios of irreversible demagnetization patterns are N-pole 50%, S-pole 60% and N-pole 50%, S-pole 70%. Cracks and chips from manufacturing defects and physical damages can lead to demagnetization [15] , [16] . In this case, only one of N-pole and S-pole can be demagnetized. For this reason, we consider this case as a weighted demagnetization pattern. Fig. 4 shows a magnetization shape diagram that is constructed according to the demagnetization ratio of a weighted demagnetization pattern. We apply demagnetization only to the N-pole, which has demagnetization ratios of 50% and 70%.
C. Weighted Demagnetization Pattern of PMs

D. Pole-Slot Coefficients
Before applying the demagnetization patterns, we select models according to the PSC shown in (1) . A PSC can be classified as an integer or a non-integer. The analysis models are classified in terms of integer and non-integer ratios. When the rotor is rotating, an integer PSC indicates that all slots for one phase are successively affected by the N-or S-poles, respectively. By contrast, a non-integer PSC indicates that all slots for one phase are simultaneously affected by the N-and S-poles.
where n is the number of phases, p is the pole pair, and s is the number of slots.
III. SIMULATION RESULTS
In the case of the IPM-type BLDCM, the magnitude and waveform of the BEMF change when the PM is demagnetized because the BEMF obtains information on the structural elements of the motor, the number of poles, and the states of the PM. In other words, the BEMF shows the characteristics and status of the motor. Therefore, measuring BEMFs can help us understand the status of demagnetization. Moreover, measuring BEMFs is not a complex process. For this reason, BEMFs are considered as a detection parameter.
In the simulation analysis, we divided an irreversibly demagnetized PM into five pieces to achieve a lopsided step-shaped magnetization. In addition, we designated each of different the residual magnetic flux density values according to the demagnetization pattern in Table I .
As its most important feature, the proposed demagnetization detection method analyzes demagnetization according to PSCs and demagnetization patterns because demagnetization characteristics depend on the combination of poles and slots. Therefore, we analyzed the 6-pole 9-slot and 10-pole 12-slot models, which have different PSCs. The PSC of the 6-pole 9-slot model is an integer, whereas that of the 10-pole 12-slot model is a non-integer. Fig. 5 shows the 6-pole 9-slot and 10-pole 12-slot models. We performed a harmonic analysis of BEMFs under normal and demagnetization conditions to confirm the presence of additional harmonic components in each model. Fig. 5(a) shows the 6-pole 9-slot IPM-type BLDCM, Table  II shows the specifications of the analysis models, and Fig. 6 shows the demagnetization patterns of 6-pole 9-slot IPM-type BLDCMs, such as equality, inequality, and weighted demagnetization patterns.
A. 6-Pole 9-Slot Model
In the case of equality demagnetization, all PMs are demagnetized in equal degrees, as shown in Fig. 6(a) . To confirm the demagnetization characteristics in different demagnetization ratios, we analyzed the type1 and type2 models and subsequently confirmed that the BEMF waveform has not distortions, as shown in Fig. 7(a) . Fig. 6(b) shows the inequality demagnetization, whereas Fig. 7(b) shows the BEMF waveform of inequality demagnetization. As a result of the inequality demagnetization pattern, type3 (N-pole 50% S-pole 60%) has more asymmetric BEMF waveforms than type4 (N-pole 50% S-pole 70%). In other words, inequality demagnetization has more asymmetric BEMF waveforms than equality demagnetization because of the large difference in the demagnetization ratios between the N-and S-poles. Therefore, the BEMF is distorted by the demagnetization ratio between the N-and S-poles. Fig. 8 . Harmonic characteristics of the 6-pole 9-slot model. Fig. 6(c) shows the weighted demagnetization, whereas Fig.  7(c) shows the BEMF waveform of weighted demagnetization. The BEMF waveform of weighted demagnetization is more distorted than that of inequality demagnetization because the demagnetization ratio of the Nand S-poles is larger than inequality demagnetization. Fig. 8 shows the BEMF harmonics analysis results for the three types of demagnetization patterns. In the case of equality demagnetization, only the fundamental harmonic size changes according to the demagnetization ratio. In addition, the second and fourth harmonics do not appear because the BEMF maintains the sinusoidal waveform. In the case of the inequality and weighted demagnetization patterns, the fundamental harmonic size is reduced in proportion to the demagnetization ratio. However, the second and fourth harmonics have comparatively large values unlike the equality demagnetization pattern. When the motor is in operation, the second and fourth harmonics of the BEMF are formed because of the differences in the flux linkages of the N-and S-poles. model. This model also has a different pole-slot combination ratio. This model was selected to confirm the BEMF harmonic characteristics of another model with a different pole-slot combination ratio. Table III shows the specifications of the 10-pole 12-slot IPM-type BLDCM, whereas Fig. 9 shows the conceptual figure of this model when applied to equality, inequality, and weighted demagnetization patterns. Fig. 10(a) shows the BEMF analysis results in the case of equality demagnetization. The BEMF waveform is symmetrical because the demagnetization ratios of the N-and S-poles are the same. Therefore, the waveform is not distorted. Fig. 10(b) shows the BEMF waveforms in the case of inequality demagnetization. In contrast to that in the 6-pole 9-slot model, the BEMF waveform in the current model is not distorted. Fig. 10(c) shows the BEMF analysis results for the weighted demagnetization pattern. Similar to that of the 6-pole 9-slot model, the magnitude of the waveform of the current model is decreased. Although the 6-pole 9-slot model shows the most distorted demagnetization pattern, the BEMF of the 10-pole 12-slot model is not distorted. Fig. 11 shows the BEMF harmonics analysis results of the 10-pole 12-slot model according to the demagnetization patterns. The second and fourth harmonics have extremely small values in the 10-pole 12-slot model because the N-poles of the PMs in the integer PSC model are all located in the slot of one phase. By contrast, when the N-pole of the non-integer PSC model is located in the slot of one phase, the S-pole is located in another slot of the same phase. That is, in the case of the integer PSC model (6-pole 9-slot), only the N-pole affects the A-phase in the rotor position with the maximum linkage flux. In the case of the non-integer PSC model (10-pole 12-slot), the pole pair affects the A-phase in the rotor position with the maximum linkage flux, as shown in Fig. 12 . The equivalent diagrams of the two models are shown in Fig. 13 . We confirmed the BEMF harmonic characteristics by analyzing various IPM-type BLDCMs. These characteristics can be used for irreversible demagnetization detection under integer PSC models. 
B. 10-Pole 12-Slot Model
IV. EXPERIMENTAL RESULTS
By analyzing the type5 model for different N-and S-pole demagnetization ratios, we confirmed that the presence of second and fourth harmonics allowed for the irreversible demagnetization detection of the PM. Therefore, we performed an experiment with the test motors to verify if the proposed detection technique could be used in BLDCM applications. The experiment was performed under the same condition as in the simulation with 3,300 rpm. Figs. 14(a) and 15(a) show the normal condition models used in the experiment. The cross sections of the test motors are shown in Figs. 14(b) and 15(b) . Because the test motors are small and it is very difficult for its demagnetized condition to be realized using the division method of the PM, the demagnetized magnet transformation models in the experiment are highly similar.
Figs. 17 and 18 show the rotor surface magnetic flux densities for the normal and demagnetized condition models. The magnetic flux density of the N-pole is smaller than that of the S-pole on the rotor surface. Fig. 19 shows the experiment equipment used to measure and analyze the BEMF and harmonic characteristics of the two models (6-pole 9-slot and 10-pole 12-slot).
A. BEMF Results
Figs. 20 and 21 show the experimental results for the BEMF of the normal condition and test motors (type5). Figs.  20(a) and 21(a) show the BEMF results of the normal condition motor for the 6-pole 9-slot and 10-pole 12-slot models, respectively. The BEMF result for the normal condition motor is not biased to one side because the positive and negative areas are symmetric. However, the BEMF of the 6-pole 9-slot test motor exhibits an asymmetric waveform in the positive and negative areas, as shown in Fig. 20(b) . By contrast, the BEMF of the 10-pole 12-slot test motor is not biased to one side, as shown in Fig. 21(b) , because the 6-pole 9-slot model has an integer PSC, whereas the 10-pole 12-slot model has a non-integer PSC.
B. Harmonic Characteristics
Figs. 22 and 23 show the fast Fourier transform (FFT) analysis results of the BEMF for the normal condition and test motors. Similar to the simulation results, the harmonic component does not appear under the normal condition motor, as shown in Figs. 22(a) and 23(a) . By contrast, the second and fourth harmonic components are only observed under the demagnetized 6-pole 9-slot model, as shown in Fig. 22(b) . However, the second and fourth harmonics are not observed under the demagnetized 10-pole 12-slot model, as shown in Fig. 23(b) . These results are observed when the BEMF is biased to one side, which indicates that the N-and S-poles have different demagnetization ratios under the integer PSC condition. Therefore, demagnetization conditions can easily be detected by using the second and fourth harmonic characteristics of the BEMF for the integer PSC model.
V. CONCLUSION
In this study, we proposed a novel detection technique for the irreversible demagnetization of IPM-type BLDCMs. First, we classified irreversible demagnetization patterns into equality, inequality, and weighted demagnetization patterns. Second, we defined two models according to PSCs. Third, we confirmed the occurrence of the second and fourth harmonic components of the BEMF through FFT analysis. Specifically, we only observed inequality and weighted demagnetization patterns in the second and fourth harmonic components of the integer PSC model. In conclusion, the integer PSC model can detect an irreversible demagnetization condition via a harmonic component analysis of BEMFs.
